Visualizations of uncertainty in data are often presented to the public without explanations of their graphical conventions and are often misunderstood by nonexperts. The "cone of uncertainty" used to visualize hurricane forecasts is a case in point. Here we examined the effects of explaining graphical conventions on understanding of the cone of uncertainty. In two experiments, participants were given instructions with and without an explanation of these graphical conventions. We examined the effect of these instructions on both explicit statements of common misconceptions and users interpretation of hurricane forecasts, specifically their predictions of damage from the hurricane over space and time. Enhanced instructions reduced misconceptions about the cone of uncertainty as expressed in explicit beliefs, and in one experiment also reduced predictions of damage overall. Examination of individual response profiles for the damage estimate task revealed qualitative differences between individuals that were not evident in aggregate response profiles. This research reveals mixed results for the effectiveness of instructions on comprehension of uncertainty visualizations and suggests a more nuanced approach that focuses on the individual's knowledge and beliefs about the domain and visualization.
Visuospatial displays are used to convey various types of data to the general public, such as trends in the financial market, public health information about the predicted spread of disease, and weather forecasts. How best to incorporate information about uncertainty in these displays has been the focus of much research (Kinkeldey, MacEachren, & Schiewe, 2014; MacEachren et al., 2012; Pang, Wittenbrink, & Lodha, 1997; Spiegelhalter, Pearson, & Short, 2011) . These questions must be informed by an understanding of how people interpret uncertainty in visuospatial displays (Kinkeldey, MacEachren, Riveiro, & Schiewe, 2017) . Critical among these displays are those that influence decisions people make about dangerous weather situations, which may only allow for short decision making time about mobilization. These weather displays can save lives but are also known to give rise to misconceptions (Broad, Leiserowitz, Weinkle, & Steketee, 2007) , potentially leading some individuals to make dangerous decisions. In the work presented here, we investigate approaches for enhancing the understanding of hurricane forecast visualizations by providing information concerning their graphical conventions and how they are constructed.
Principles of Effective Graphics
When data are displayed in a visual format, the displays should be constructed to show the data in a straightforward manner to aid a viewer's understanding. To achieve this, cognitive design principles have been established for aiding the production of readable graphics (see Hegarty, 2011; Kosslyn, 2006 for reviews) . Effective graphic design principles take account of the specific task at hand (Hegarty, 2011) , the expressiveness of the display (Kosslyn, 2006) , data-ink ratio (Tufte, 2001) , issues of perception (Kosslyn, 2006; Tversky, Morrison, & Betrancourt, 2002; Wickens & Hollands, 2000) , and the pragmatics of the display, including making the most relevant information salient (Bertin, 1983; Dent, 1999; Kosslyn, 2006) . Other principles relate to the semantics of the display such as the compatibility between the form of the graphic and its meaning (Bertin, 1983; Kosslyn, 2006; Zhang, 1996) , and the usability of the display, such as including appropriate knowledge (Kosslyn, 2006) .
In the present research, we first focus on the semantic principle of natural mappings between variables in the graphic and what they represent. Examples of these natural mappings are classic metaphors such as "larger is more" and "up is good" (Tversky, 2011) . The semantic principle states that the visual variables displayed should be matched according to these natural mappings (Zhang, 1996) . An example of a match is using the length of a line to denote length of time. An example of a mismatch would be using higher values on a graph to show negative numbers and lower values to show positive numbers, which is the convention used for graphs of event-related potentials.
Another factor that can greatly influence the effectiveness of a graphic is the knowledge the viewer has about the conventions of the graphic type in question. Kosslyn (2006) called this the principle of appropriate knowledge. Typically the conventions of the display are encoded in a visually represented legend expressing the correspondence between visual variables and their meaning. For instance, before using an atlas to plan a route, one might consult the legend to learn that black lines represent local roads and red lines represent interstate highways. Without appropriate knowledge of the graphic conventions, provided in a legend, one may misinterpret information presented in a graphic.
Violations of Effective Graphics Principles
When displays violate principles of effective graphics, they often lead to misunderstanding. An interesting example concerns the use of error bars to display uncertainty. Error bars violate some principles of graphics because error bars are discrete representations of a continuous function Cumming and Finch (2005) . The use of error bars therefore can drive the interpretation that values of a variable can only fall within the error bars and are equally likely anywhere within the error bars. For instance, Correll and Gleicher (2014) showed that bar charts with error bars may be misunderstood in this way, whereas other graphic displays, such as violin plots which encode the uncertainty as a graded representation, can aid user interpretation. Users of error bars also often violate Kosslyn's principle of appropriate knowledge by not stating what measure of error is represented by the bars (e.g., whether they show the standard error, standard deviation, or 95% confidence interval) and even scientists do not always appreciate the differences in the inferences that can be made in each of these instances (Belia, Fidler, Williams, & Cumming, 2005) .
A relatively common graphic that generalizes error bars to a two-dimensional display is the self-localization "blue dot" used in smartphone GPS applications (Google, 2014) . In these displays, a blue circle represents a 95% confidence interval expressing the uncertainty of the location of the smartphone at that particular time. Despite a seeming mismatch of natural mapping (e.g., a hard boundary represents a graded probability distribution) people are able to effectively reason about the underlying uncertainty in the display when viewing these types of displays (Hegarty, Friedman, Boone, & Barrett, 2016; McKenzie, Hegarty, Barrett, & Goodchild, 2016) . McKenzie et al. (2016) asked participants to make evaluations of two smartphone self-location displays to decide which display more accurately represented their true location. Interestingly, the manner in which uncertainty was visualized influenced decisions such that visualizations with uniform distributions and discrete boundaries actually produced more accurate performance than visualizations with faded boundaries. In another study using self-location displays, Hegarty et al. (2016) asked participants to make their best guess of their actual location given two uncertain estimates visualized as blue dots or fades. The most common strategy was to use the uncertainty appropriately to make location judgments by weighting the two uncertainty estimates (with less weight given to the more uncertain estimate). The format of the display (blue dot or fade) did not affect judgments. Although there is a mismatch of natural mappings in the blue dot display, it is possible that the familiarity with this display (most participants had a smartphone and used GPS applications) gave rise to appropriate knowledge and effective use of the displays in these laboratory tasks.
The Hurricane Cone of Uncertainty
Whereas some displays of uncertainty can be used effectively, others can be misinterpreted. One case in point is the cone of uncertainty used to display hurricane forecasts (see Figure 1) . The cone of uncertainty is a forecast display produced by the National Hurricane Center that indicates the current location of a hurricane storm, the storm's projected path, and a cone shape surrounding the track line that expresses the uncertainty in the forecasted location of the storm in the future with a 67% confidence interval (Broad et al., 2007) . This graphic is created through a variety of means consisting of computer simulations, a 10-year average of forecast error, and personal experience of meteorologists (Broad et al., 2007) .
Using largely anecdotal evidence, Broad et al. (2007) reported that people in hurricane-affected regions of the United States hold misconceptions about what is represented by the hurricane cone of uncertainty. These misconceptions may be based, in part, on violations of the effective graphics principles outlined above. First, these visualizations are often presented in news media without an explanation of how they are created or what confidence interval the cone of uncertainty indicates, which is a violation of the principle of appropriate knowledge (Kosslyn, 2006) . Second, concerning the semantic principles in the hurricane cone graphic, the expanding width of the cone represents areas of more uncertainty as the forecast moves into the future. However, because of the heuristic that bigger means more of something, the cone is sometimes misconstrued as indicating that the size or intensity of the storm is increasing over time (Broad et al., 2007) . In addition to anecdotal reports, research has shown that the hard boundary of the cone leads some people to perceive a boundary for the hurricane itself rather than a confidence interval expressing uncertainty. For example, Cox, House, and Lindell (2013) compared participant reports of spatial distribution of hurricane forecasts using both the original hurricane uncertainty cone and a different display, known as an ensemble plot, which represents the underlying distribution of the predictions by presenting a sample of possible hurricane tracks predicted by a model. They found that the cone misled participants into estimating a smaller spatial distribution of the hurricane than ensemble displays. The problem stems from the same issue as error bar misconceptions; that is, that the hurricane forecast cone boundary represents a continuous function as a discrete visual element (a hard boundary).
A recent study examining comprehension of various methods of displaying visualizations provided more quantitative evidence for some of these misconceptions. Ruginski et al. (2016) presented participants with visualizations of hurricane forecasts in which a specific location (indicating the location of a fictitious oil rig) was marked. The task was to estimate the level of damage the oil rig would incur based on its location relative to the predicted hurricane forecast. On different trials, oil rig locations were placed inside and outside of the hurricane cone, as well as at two different time points with respect to the time of the hurricane forecast (24 hr later and 48 hr later). Of specific interest to the current investigaThis document is copyrighted by the American Psychological Association or one of its allied publishers.
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tion, one of the five conditions presented a cone-centerline forecast visualization, similar to the hurricane forecast display produced by the National Hurricane Center. In an analysis in which damage estimates were regressed on absolute distance of the oil rig from the center of the cone, the cone-centerline group predicted more damage at the center of the cone at the 48-hr time point than at the center location of the 24-hr time point. This pattern of results suggests the belief that the storms get larger and/or more intense over time. In fact, one should estimate less damage in the center of the cone at the 48-hr time point because the likelihood of the hurricane hitting any specific location is lower at that time point (e.g., the predicted locations are more spread out) and the visualization provides no information about the size or intensity of the cone. In a posttask questionnaire, when participants were asked questions directly relating to common misconceptions of hurricane forecast visualization, 69% of participants in the cone-centerline condition endorsed a statement indicating that the display shows the hurricane getting larger over time and 47% of these participants also thought that the display showed the extent (spatial distribution) of the damage getting larger over time. These examples represent the "bigger means more" heuristic mentioned above. There was also evidence that some people interpreted the confidence interval as a hard boundary indicating the extent of damage of the hurricane. Of those who viewed the cone-centerline visualization, 49% endorsed statements that the path of the hurricane was not predicted to travel outside the area indicated by the cone and that the damage was not likely to extend beyond the cone.
One way to reduce inherent misconceptions about weather forecasts is to address violations of the semantic principles by using alternative visualization techniques. For example, in previous research (Cox et al., 2013; Liu et al., 2017; Ruginski et al., 2016 ) some of these misconceptions were alleviated by presentation of an alternative vi- This document is copyrighted by the American Psychological Association or one of its allied publishers.
sualization (e.g., an ensemble display presenting possible hurricane paths). However, given that the most common method of displaying hurricane forecasts still relies on the cone with centerline visualization, another approach to combat these misconceptions is to increase the knowledge of the viewer regarding the display itself. In the present study, we examine whether understanding of the cone of uncertainty graphic can be improved externally, following the appropriate knowledge principle (Kosslyn, 2006) , by giving users more information about the conventions of this display through enhanced instructions. Another novel contribution of the present work is that we examine individual differences in interpretation of the cone of uncertainty. That is, rather than merely examining aggregate performance in different experimental conditions, which might obscure different patterns of responses (e.g., between people who interpret the cone as a hard boundary versus a parameter of a continuous function) we classify patterns of responses at the level of individual participants (cf., Hegarty et al., 2016) .
Experiment 1
The purpose of Experiment 1 was to assess the effects of providing information about the graphical conventions of hurricane visualizations on novices' comprehension of these visualizations, using both questionnaires that measured participant's explicit beliefs and a damage rating task (Ruginski et al., 2016) in which participants estimated damage for different locations at two time points (24 hr and 48 hr from the time of prediction). Damage estimates were split into two blocks. Before block 1 (first half of trials) all participants were given the basic set of instructions describing their task to give them a sense of the task and assess baseline performance. After block 1, participants were given either basic instructions again (control group) or a set of enhanced instructions (experimental group) that also provided background concerning how hurricane forecasts are made, and how to interpret the cone of uncertainty (targeting the appropriate knowledge principle).
In the control condition, we expected a replication of previous findings (Ruginski et al., 2016) in that participants in the control condition would endorse the statements that the hurricane (and damage) increases over time and that the hurricane does not travel outside the region displayed by the cone. If participants in the enhanced instructions condition take the additional information into account in making their damage estimates, then they should show less evidence of these misconceptions. Specifically, we hypothesized that those who received the enhanced instructions would be less likely to estimate more damage at the 48-hr time point than the 24-hr time point in block 2 (size misconception), and would be less likely to show a boundary effect in their damage estimates (predict no damage or a large decrease in damage outside the cone) in block 2.
Method
Participants. Participants were 79 students (55 females) between 18 and 23 years of age (mean age 19.28 years, SD ϭ 1.02 years) enrolled in introductory psychology or geography courses at the University of California, Santa Barbara who received class credit for participation. One participant was excluded from final analyses because of incomplete data. Informed consent was obtained for each participant. All experiment procedures were approved by the University of California, Santa Barbara, Human Subjects Committee. Sample size per condition was determined based on previous studies that examined comprehension of hurricane visualizations Ruginski et al., 2016) .
Design. A 2 (instruction condition: basic vs. enhanced) ϫ 2 (experiment phase: block 1 vs. block 2) ϫ 6 (oil rig locations) ϫ 2 (hurricane forecast time point: 24-hr and 48-hr) factorial design was used. Participants were randomly assigned to instruction condition as a between-subjects factor. Experiment phase, oil rig location, and time point were within-subjects variables.
Materials. Stimuli were created using available data through the National Hurricane Center (http://www.nhc.noaa.gov/archive) from hurricanes that have hit the North American Continent within the last 20 years. These hurricane cone visualizations were constructed with custom computer code, using the same cone construction algorithm described on the NHC website (http://www .nhc.noaa.gov/aboutcone.shtml). Cone visualizations were digitally overlaid on a map of the U.S. Gulf Coast. These images were displayed to the subjects at a pixel resolution of 942 ϫ 800. On each trial, a single location of an "oil rig" depicted as a red dot was superimposed on the image at one of 12 locations. These locations were defined relative to the center track and boundary of the uncertainty cone. Assuming that the boundaries of the cone were at a distance of Ϯ1 from the centerline (and the centerline is the zero point), the oil rigs were placed at the following relative distance from the centerline: Ϯ0.2, 0.5, 0.8, 1.2, 1.5, 1.9 (see Figure 2 ). Relative points with respect to the center and cone boundary were chosen so that three locations were within the cone boundary (0.2, 0.5, and 0.8) and three locations were outside the cone boundary (1.2, 1.5, and 1.9). As shown in Figure 2 , oil rig locations were arranged relative to the prediction at two time points representing the 24-hr forecast and the 48-hr forecast for a total of 24 oil rig locations per hurricane forecast. There were six different hurricane forecasts for a total of 144 trials. Damage estimates were averaged over locations to the right and left of the hurricane and over hurricane forecasts.
Stimuli were presented on Asus VG248QE monitors, using E-Prime 2.0.10.353 software (Schneider, Eschman, & Zuccolotto, 2012) with a screen resolution of 1600 ϫ 900. Contrast and brightness were set to 75 on each monitor. On each trial, participants were shown a display depicting a hurricane cone and centerline track along with a seven-point Likert scale ranging from 1 (no damage) to 7 (severe damage) presented below the forecast stimuli (sample trial in Figure 3) .
Task instructions are presented in Appendix A. All participants initially received the same set of basic instructions presented in Ruginski et al. (2016) providing information about the damage estimate task, the visual elements (the cone represents a hurricane forecast, the red circle represents an oil rig), but no information about the graphical conventions of the cone. Enhanced instructions received by the experimental group alone provided more information on hurricanes, emphasized that the cone area was a forecast of where the storm is likely to hit 67% of the time, and stated that it was not to be interpreted as providing information regarding the size or the intensity of the hurricane (see Appendix A).
An online questionnaire was also administered, which first presented images from the Ishihara Compatible Pseudoisochromatic Plate (PIPIC) Color Vision test (Waggoner, 2005) to test This document is copyrighted by the American Psychological Association or one of its allied publishers.
This article is intended solely for the personal use of the individual user and is not to be disseminated broadly. for color blindness, and then presented questions about demographics and participants' education. Finally it included nine true/false questions assessing explicit beliefs about the hurricane cone visualization, focusing on the misconceptions of the cone (see Table 1 ). Procedure. Participants took part in groups of up to three and each participant worked individually. Figure 4 presents a schematic of the sequence of events in this experiment. After giving informed consent, all participants were first given the basic task instructions, which were presented visually on the computer screen and aurally via headphones. They were instructed to read along with the auditory commentary and reread any instructions before continuing to subsequent sections. Participants were then given three practice trials, without feedback after which they were given an opportunity to ask questions about their task before preceding to the first block of 72 trials. After the first block of trials, the control group received the basic instructions again while the experimental group received the enhanced instructions explaining the graphical conventions of the display (see Appendix A). Then participants provided damage estimates for the second block of 72 trials. Finally, participants were administered the online posttask questionnaire including the nine true/false statement measuring their explicit beliefs about the display (see Table 1 ). Each session lasted approximately half an hour.
Results
We first present the data for the posttask questionnaire, which serves as a manipulation check, then present data on the overall pattern of damage estimates, and finally present evidence for individual differences in misconceptions about the hurricane cone visualization.
Posttask questionnaire. Table 1 provides statements used in the posttask questionnaire with a count and percentage of the participants in each instruction condition who agreed with the statement. Chi-square tests of independence were conducted to evaluate effects of the instructions on the endorsement of each true/false statement. This analysis focused on five of the nine questions that were diagnostic of the misconceptions of interest (see Table 1 ).
In terms of the boundary misconceptions, participants with enhanced instructions were significantly less likely than the control group to endorse the statement that hurricanes would not travel outside of the area indicated by the cone, 2 (1, N ϭ 78) ϭ 5.16, p ϭ .04, and less likely endorse the statement that the damage could not extend outside the cone, 2 (1, N ϭ 78) ϭ 4.34, p ϭ .04. In terms of the hurricane size misconception, participants who received the enhanced instructions were also significantly less likely than the control group to endorse the misconception that the This document is copyrighted by the American Psychological Association or one of its allied publishers.
hurricane gets larger over time, 2 (1, N ϭ 78) ϭ 13.14, p Ͻ .001, and that the damage would increase over time, 2 (1, N ϭ 78) ϭ 13.25, p Ͻ .001. Finally, participants who were given enhanced instructions were more likely to correctly endorse the statement that forecasters are less certain of the location of the hurricane as time passes over the prediction period of three days, 2 (1, N ϭ 78) ϭ 6.72, p ϭ .01. This pattern of results indicates that the experimental group of participants who received the enhanced instructions understood these enhanced instructions at an explicit level.
Aggregate damage estimates. We examined the effects of instructions on damage estimates in a 2 (instruction condition: control vs. enhanced instructions) ϫ 2 (experiment phase: block 1 vs. block 2) ϫ 2 (time point: 24 hr vs. 48 hr) ϫ 6 (oil rig distance from centerline) repeated measures ANOVA. Because the enhanced instructions informed participants how to interpret likelihood of the hurricane hitting relative to the width of the cone (i.e., the hurricane has a 67% likelihood of hitting inside the cone at any time point), we examined distance relative to the cone, controlling for differences in absolute distance of the oil rigs from the cone center at the two time points. We reasoned that if participants understood that the likelihood of the hurricane hitting is the same at the two time points for distances relative to width of the cone (e.g., the likelihood is 67% inside the cone regardless of the width of the cone at that time point), and also understood that the cone presents no information regarding the size or strength of the hurricane (as stated in the instructions), they should estimate the same amount of damage at the 24-and 48-hr time points, both in general, and inside the cone at those time points. In contrast if they believe that the hurricane gets larger over time, they should estimate more damage in general (and inside the cone) at the 48-hr time point, after controlling for absolute distance.
As can be seen in Figure 5 , there was an effect of distance, F(1. 05, 115.91) 1 ϭ 430.90, p Ͻ .001, p 2 ϭ .85, indicating that in general participants estimated less damage with increasing relative distance of the oil rig from the center of the hurricane cone. There was a significant effect of time of forecast (24 hr vs. 48 hr), F(1, 76) ϭ 14.77, p Ͻ .001, p 2 ϭ .16, indicating that, contrary to what we might expect from the hurricane size ("hurricane gets larger") misconception, participants actually estimated more damage in general at the earlier time point (M ϭ 4.32, SD ϭ .11, 95% CI[4.10, 4.54]) than at the later time point (M ϭ 4.12, SD ϭ .10, 95% CI [3.92, 4.32] This document is copyrighted by the American Psychological Association or one of its allied publishers.
There was a significant interaction of time point and distance, F(3.47, 262.35) ϭ 22.91, p Ͻ .001, p 2 ϭ .23. Post hoc (LSD) analyses indicated that at locations outside the cone, more damage was estimated at the earlier (24 hr) time point than the later time point, all Fs(1, 76) Ն 22.08, all p Ͻ .001, relative to the width of the cone. For locations inside the hurricane cone, however, damage estimates were not significantly different between time points, all Fs(1, 76) Յ 1.20, all p Ն .28. Finally, there was a three-way interaction between time point, experiment phase, and distance of the oil rig from the center of the hurricane, F(1, 77) ϭ 3.99, p ϭ .002, p 2 ϭ .05, suggesting a greater difference between the damage estimates for the 24 and 48-hr time points during block 2 for the experimental group alone. No other main effects or interactions were significant.
Individual differences in response profiles. The aggregate data masked individual differences in response profiles, which were examined further to reveal specific misconceptions about the hurricane cone. To analyze these individual differences, we first examined each participant's damage estimates across oil rig locations to identify the range of response strategies, and then categorized each participant's block 1 and block 2 strategies. Two authors independently coded the data and their interrater reliability was 81%. Discrepancies were resolved by discussion among all three authors. This article is intended solely for the personal use of the individual user and is not to be disseminated broadly.
Evidence for boundary effects. An examination of individual participant damage estimate profiles across oil rig locations revealed four systematic response patterns (see Figure 6 ): a pattern of generally linear decrease in damage estimates with distance from the center line (Distance), and three distinct patterns that indicated boundary effects in which damage estimates change across the cone boundary location (relative point 1.0 in Figure 6 ). In the first case (Boundary 1), participants indicated less damage with distance from the centerline, with a larger drop in distance estimates across the boundary of the cone compared to inside or outside the cone. In the second case (Boundary 2), they estimated no damage outside the cone, and a linear decrease in damage with distance from the center inside the cone. In the third case (Boundary 3), they estimated no variation in damage inside the cone but a decrease in damage outside the cone with increased distance from the cone. In addition, some participants showed mixed patterns (e.g., the distance pattern for the 24-hr time point and a boundary effect for the 48-hr time point) and in other cases the patterns were not interpretable or indicated no variation in damage with distance from the cone (Flat). Table 2 shows how participants were categorized during block 1 and block 2 for each instruction condition. It is notable that the distance pattern was observed for a majority of participants. This pattern is predicted if participants correctly assume that the boundary is a confidence interval and the underlying function relating damage to distance from the centerline is continuous. A minority of response patterns indicated boundary misconceptions and the most common of these was to estimate no damage outside the cone and a linear decrease in damage with distance from center inside the cone (Boundary 2).
To examine the effects of instruction and experimental phase on strategies, we first collapsed boundary cases (Boundary 1, Boundary 2, Boundary 3, and Mixed 2 ) into a single "Boundary" category and coded each participant's pattern for block 1 and block 2 as either showing only the distance pattern or showing a boundary effect. Participants who showed flat or unclassifiable patterns of damage estimates during either block (10 participants) were not included in these analyses. The classification of participants' responses did not differ significantly between block 1 and block 2 for either the control group (McNemar's test, p ϭ .22) or in the experimental group (McNemar's test, p ϭ .75). Moreover, the classification of responses did not differ by instruction condition in either the first block, 2 (1, N ϭ 68) ϭ 0.73, p ϭ .39, or the second block of trials, 2 (1, N ϭ 68) ϭ 0.17, p ϭ .68. Next, we examined whether participants who showed a boundary effect in their damage estimates were more likely to endorse 2 Mixed cases were included in the boundary category, as they showed evidence for boundary effects in one set of damage ratings. Excluding these cases from the analyses did not affect the results appreciably in either Experiment 1 or Experiment 2. This document is copyrighted by the American Psychological Association or one of its allied publishers. This article is intended solely for the personal use of the individual user and is not to be disseminated broadly.
statements related to boundary effects. No significant relationship was found between how participants' post instruction damage estimates were categorized (as distance or boundary) and whether they endorsed any of the three boundary misconception statements, 2 (1, N ϭ 72) Յ 2.86, p Ն .09. These results suggest that participants' explicit beliefs are dissociated from their damage estimates.
Evidence for hurricane size misconception. If participants believe that the width of the cone indicates the size or strength of the hurricane at a given time point, whereas the overall likelihood of the storm hitting is the same (over the area indicated by the cone) then they should estimate more damage at the 48-hr time point than the 24-hr time point. As noted above, on an aggregate level, participants actually estimated more damage at the 24-hr time point. To investigate whether any individuals showed the "hurricane is getting larger" misconception, difference scores were computed for each individual participant's block 2 damage estimates between the two time points (24-hr time point vs. 48-hr time point). In this analysis, a positive difference between time points is indicative of a hurricane size misconception such that more dam- Distance  26  24  23  19  16  20  19  Boundary 1  1  0  2  5  2  3  6  Boundary 2  5  7  4  8  8  2  2  Boundary 3  2  2  3  0  3  1  0  Mixed  2  5  3  2  2  5  3  Flat  3  0  4  2  1  2  3  Other  0  1  0  3  0  0  0 Note. In Experiment 1, Block 1 was before participants in the Experimental Group received the enhanced instructions and Block 2 was after participants in this group received these instructions.
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age was estimated at the 48-hr time point and a negative difference indicates more damage at the 24-hr time point. A majority of participants (n ϭ 61) showed a negative difference between the two time points, while only 17 participants assessed more damage at the 48-hr time point (i.e., the hurricane getting larger misconception). Further, a majority of participant's difference scores (n ϭ 54) fell between Ϫ.50 and ϩ.50 damage scale points, suggesting that most participants do not estimate substantial differences in damage between the time points in general. Using these difference scores, we analyzed the effects of instruction condition on categorization according to the hurricane size misconception. Instruction condition did not have a significant effect on participants' damage estimate differential between time points, when categorized as either more damage at 24 hr versus more damage at 48 hr, 2 (1, N ϭ 78) ϭ .08, p ϭ .78. Finally, we examined whether participants who estimated more damage at the 48-hr time point were more likely to endorse statements related to the hurricane size misconception than those who estimated more damage at the 24-hr time point. A significant relationship was found between participants' damage estimate difference score and whether they endorsed either size misconception statements, 2 (1, N ϭ 78) ϭ 4.16 p ϭ .04; 2 (1, N ϭ 78) ϭ 4.36, p ϭ .04. Therefore, in contrast with the boundary misconception, these results indicate an association between explicit beliefs and damage estimates in regards to hurricane size.
Discussion
In an attempt to improve the usability of the classic hurricane uncertainty cone forecast, half of participants in this study were given enhanced instructions concerning the hurricane cone graphic's construction and interpretation. In the posttask questionnaire, participants who received the enhanced instructions were less likely to endorse common misconceptions about the uncertainty cone than control participants who did not receive these instructions. These results provide evidence that the participants understood the enhanced instructions. In terms of the damage estimate task, participants in the experimental group estimated significantly less damage overall after receiving the enhanced instructions and estimated less damage than the control group. In a hurricane evacuation scenario, this has the possible outcome that people might be less likely to take precautions such as evacuating their home. It is possible that participants interpreted the description of uncertainty in the instructions as indicating less likelihood of the hurricane hitting.
Contrary to the hurricane size misconception, when we examined damage ratings across the range of locations probed, controlling for the width of the cone, more damage was assessed in general at the 24-hr time point than the 48-hr time point. This effect was seen more prominently outside the cone than inside. A possible interpretation of this finding is that estimates of damage were based on the absolute distance of the oil rig to the boundary of the uncertainty cone, regardless of the width of the cone. It should be noted that our analysis procedure differed from that adopted by Ruginski et al. (2016) , who used regression analysis on absolute distance to model differences in damage estimates at the center of the cone. When we conducted a similar regression analysis using control group data (procedurally equivalent to Ruginski's cone-centerline condition), there was no significant difference in damage ratings for the 24 and 48-hr time points at the center of the cone, t (38) The categorization of individual participants' damage estimate profiles indicated that a minority of participants demonstrated misconceptions in their damage estimates. In fact, the boundary misconception and especially the size misconception are less evident in the damage estimates than in participants' explicit beliefs assessed by the posttask questionnaire. Only 17 participants indicated more damage at the 48-hr time point than the 24-hr time point, whereas 38 agreed with the statement that the hurricane gets larger over time and 25 indicated that damage increased over time. In the case of the boundary misconception, 29 participants across both conditions showed some evidence of a boundary effect in their damage estimates. Forty-two participants agreed that the hurricane was not likely to travel outside of the cone, and 31 participants agreed that areas outside the cone were not predicted to be damaged.
Finally, the explicit beliefs measured by the posttask questionnaire were somewhat dissociated from damage estimates such that participants who endorsed the boundary misconceptions explicitly did not show more evidence of this misconception, whereas an association was found between hurricane size beliefs and damage ratings.
Experiment 2
In Experiment 1, our instruction manipulation had an unexpected effect, in that people who received enhanced instructions estimated less damage overall. This may reflect the possibility that the instructions in Experiment 1 were overly technical and challenging to understand. These instructions are made up of text and maps, so they can be analyzed in terms of multimedia design principles (Mayer, 2001) . First, the enhanced instructions of Experiment 1 included extraneous information that was not central to understanding the conventions of the displays, including unnecessary quantitative information, which is a violation of the coherence principle of multimedia design (Mayer, Bove, Bryman, Mars, & Tapangco, 1996; Mayer, Heiser, & Lonn, 2001 ). Second, the relevant text was not always located next to corresponding maps, which violates the spatial contiguity principle of multimedia learning (Moreno & Mayer, 1999) . In Experiment 2, we shortened the original instructions to eliminate detail that was not central to understanding the graphic conventions, and presented the text and pictorial information contiguously in space. In contrast to Experiment 1, all instructions were presented at the beginning of the experiment before participants completed any experimental trials.
To examine the effects of additional quantitative information in the instructions, we tested two different types of enhanced instructions against the same basic instruction control condition as in Experiment 1. One set of enhanced instructions provided quantitative information, while the other provided qualitative information about uncertainty. The quantitative instructions provided the same information as in the enhanced instructions condition of This document is copyrighted by the American Psychological Association or one of its allied publishers.
Experiment 1, but were more concise and omitted technical details. The qualitative instructions informed participants that a wider cone indicates more uncertainty but did not inform them that the cone represents the 67% confidence interval. A recent study on the blue dot of positional uncertainty indicated that such qualitative information was sufficient to produce relatively good understanding of the display . If participants in the enhanced instructions condition of Experiment 1 struggled with converting quantitative information about the hurricane visualization display into actionable knowledge, then the qualitative information used in this experiment might be more effective in influencing their damage estimates. Finally, in Experiment 1 participants were given basic task instructions and completed half of the damage rating trials before being given enhanced instructions (in the experimental condition). Although this design was meant to give participants a sense of the task, it may have reduced the effects of enhanced instructions if participants developed a strategy for the task before receiving enhanced instructions. Therefore in Experiment 2, all instructions were given before participants attempted the damage rating task.
Method
Participants. Participants were 98 students (61 female) enrolled in psychology courses at the University of California, Santa Barbara. They were between 18 and 23 years of age with a mean age of 19.53 years (SD ϭ 1.26 years), received course credit for participation, and participated in groups of up to three. Informed consent was obtained for each participant. All experiment procedures were approved by the University of California, Santa Barbara, Human Subjects Committee. Sample size per condition was determined based on previous studies that examined comprehension of hurricane visualizations (Ruginski et al., 2016; .
Design. A 3 (instruction condition: basic, qualitative, quantitative) ϫ 6 (oil rig location values) ϫ 2 (24-hr and 48-hr time point) mixed factorial design was used. Instruction condition was manipulated between participants and oil rig location and time point were within-subjects variables. Figure 4 presents a schematic of the design. Participants were randomly assigned to instruction condition: control (n ϭ 32), qualitative (n ϭ 33), and quantitative (n ϭ 33).
Materials. The same stimuli and room settings were used as in Experiment 1. The instructions provided to participants in each condition were spoken to each group of participants. Instructions are presented in Appendix B. The control group received the same basic instructions as in Experiment 1. The enhanced instructions of Experiment 1 were adapted to create two versions and condensed for clarity. One version provided qualitative information on the hurricane cone such as "the larger the cone, the more uncertainty in the forecast." The other version provided quantitative information about the hurricane forecast such as "the cone represents the 67% likelihood of the hurricane hitting in this region."
Procedure. Each participant gave informed consent, followed by a colorblindness test (Waggoner, 2005) , at the start of the experiment session. In contrast to Experiment 1, all instructions were shown on screen and read aloud by the experimenter. Participants were instructed to read along with the experimenter. After each section of instructions, participants were asked whether they understood or wished to hear any instructions again.
The control group received the same basic instructions as in Experiment 1. The qualitative group received the same basic instructions with qualitative information about the cone (e.g., the bigger the cone, the more uncertain). The quantitative group received more complete specific numerical information about the how the uncertainty was quantified (e.g., 67% chance inside, 33% outside). During the instructions, both the qualitative and quantitative group received the information that ". . . the hurricane forecast display does not indicate any information about the size or intensity of the hurricane." The full instructions for all groups are given in Appendix B. Subsequent to instructions, the quantitative instruction group participants were also given three true/false questions based on information given during instructions followed by feedback.
3
Before starting the experimental (damage estimate) trials, all participants completed three practice trials after which they were allowed to ask any questions. Participants then provided damage estimates to the 144 trials with a short break after the first half of the trials (72 trials).
In the second part of the study, a pilot task was included in which participants had to make judgments about two oil rig locations in relation to a single hurricane. Participants were to make decisions concerning hurricane strike locations as well as hurricane size. Data from this task are not presented here.
Finally, participants were asked to complete a short questionnaire, including questions about demographics, and eight true false questions modified from Experiment 1 (see Table 3 ).
Results
Posttask questionnaire. As in Experiment 1, the additional information provided in the enhanced instructions (qualitative and quantitative) affected explicit beliefs expressed in answering the questionnaire items. Table 3 provides each statement used in the posttask questionnaire with a count and percentage of the number of participants in each condition who agreed with the statement and chi-square tests of independence, conducted to evaluate the relationship between the conditions and the endorsement of each true/false statement. The quantitative group participants were less likely to endorse statements related to the boundary misconception than the qualitative and control groups. Further, both enhanced instructions groups were less likely than the control group to endorse misconceptions that the size, intensity, and damage resulting from the hurricane increases over time. These results suggest that the quantitative information (that the boundary shows the 67% confidence interval) is needed to allay the boundary misconception while qualitative information was sufficient to reduce the size misconception in explicit beliefs. 3 The three true/false comprehension questions presented to the quantitative group were as follows: The display shows the hurricane getting larger over time. The display shows where the center of the storm is predicted to travel over the next three days. The hurricane is not predicted to travel outside the region shown in blue. When answered correctly participants were presented with "Correct! The hurricane does not indicate information about the size of the storm." When answered incorrectly, participants were presented with "Incorrect! The hurricane does not indicate information about the size of the storm." This document is copyrighted by the American Psychological Association or one of its allied publishers.
Aggregate damage estimates. A 3 (instruction condition: control, qualitative, quantitative) ϫ 2 (time point: 24 hr vs. 48 hr) ϫ 6 (oil rig distance from centerline) repeated measures ANOVA was conducted on damage estimates. As in Experiment 1 we analyzed effects of distance relative to the width of the cone.
As can be seen in Figure 7 , there was an effect of distance of the oil rig from the center of the cone, F(1.51, 475) ϭ 591.96, p Ͻ .001, p 2 ϭ .86, indicating that damage estimates decreased with increasing distance from the centerline, as expected. There was a significant effect of time point, F(1, 95) ϭ 38.45, p Ͻ .001, p 2 ϭ This article is intended solely for the personal use of the individual user and is not to be disseminated broadly.
. Figure 7 shows, there was a difference between time points both inside and outside the cone in the qualitative and quantitative instructions conditions, but no difference between time points inside the cone for the control condition.
There was no main effect of condition in this experiment. In contrast to Experiment 1, damage ratings were lower in general (in block 2) in the experimental conditions. As the quantitative condition in this experiment was most similar to the experimental condition in Experiment 1, we also conducted a 2 (instruction condition: control, quantitative) ϫ 2 (time point: 24 hr vs. 48 hr) ϫ 6 (oil rig distance from centerline) repeated measures ANOVA on damage estimates, omitting the qualitative condition. In this analysis, there was again no significant effect of condition, F(1, 63) ϭ .09, p ϭ .76, indicating that the overall lowering of damage ratings following quantitative instructions was not replicated in this experiment.
Individual differences in response profiles.
Evidence for boundary effects. We next examined each participants' damage estimate profile across oil rig locations to identify possible boundary effects. The same five patterns were seen as in Experiment 1 (Distance, three different Boundary effects, and mixed strategies across time points). Two authors coded the data for evidence of these patterns and their interrater reliability was 81%. All discrepancies were resolved by discussion of all three authors. Table 2 shows the categorization of response profiles for each instruction condition. As in Experiment 1, the Distance response pattern was observed for a majority of participants (55 of the 98 participants) and a minority (37 participants) indicated a boundary effect. For the purposes of further analyses we collapsed boundary cases (Boundary 1, Boundary 2, Boundary 3, and Mixed) into a single Boundary category and participants whose patterns were flat or could not be categorized (six participants) were not analyzed further. The three instruction conditions did not differ significantly in response profile categories, 2 (2, N ϭ 92) ϭ 1.31, p ϭ .52. Further, no differences were found between the qualitative and quantitative instructions conditions, 2 (1, N ϭ 61) ϭ .01, p ϭ .92. Next, we examined whether participants who showed a boundary effect in their damage estimates were more likely to endorse statements related to boundary effects. Participants coded as showing a boundary in their damage estimates profile were more likely to endorse the statement that areas outside the blue region are not predicted to be damaged by the hurricane, Question 2 2 (1, N ϭ 92) ϭ 4.02, p ϭ .05. However, no significant relationship was found between participants' damage estimates and endorsement of the statement that the hurricane is not likely to travel outside the region indicated by the cone, 2 (1, N ϭ 92) ϭ .02, p ϭ .97.
Evidence for hurricane size misconception. If participants misconstrued the width of the cone as the size or intensity of the hurricane at a given time point they should assess more damage at the 48-hr than the 24-hr time point. As noted above and in Experiment 1, at the aggregate level, participants in Experiment 2 actually assessed significantly more damage at the 24-hr than the 48-hr time point. Difference scores were computed for each individual participant's posttest damage estimates between the 24-hr and 48-hr time points. Eighty-three participants showed a negative difference score between the two time points (more damage at 24-hr time point), whereas 14 participants assessed significantly more damage at the 48-hr time point (i.e., a minority of participants displayed the hurricane is getting larger misconception). One participant indicated no difference in damage between time points. As in Experiment 1, a majority of participant's damage difference scores (n ϭ 63) fell between Ϫ.50 and ϩ.50.
Next, we analyzed the effects of instruction condition on categorization according to the hurricane size misconception, excluding the one participant who indicated no difference between time points. Instruction condition did not have a significant effect on participants' damage estimate differential between time points, 2 (1, N ϭ 97) ϭ 2.30, p ϭ .32. Finally, we found that participants who assessed more damage at 48 hr were more likely to endorse statements that the hurricane gets larger over time, 2 (1, N ϭ 97) ϭ 3.95, p ϭ .05, and were marginally more likely to endorse the statement that the hurricane gets stronger over time, 2 (1, N ϭ 97) ϭ 3.16, p ϭ .08, compared with those who estimated more damage at the 24-hr time point. Interestingly, the two groups did not differ significantly on one question which stated that the damage gets greater over time, 2 (1, N ϭ 97) ϭ 1.09, p ϭ .30. As in Experiment 1, these results indicate a relationship between participants' damage estimates and their explicit beliefs.
Discussion
In this experiment, we attempted to improve the interpretation of hurricane forecast visualizations by eliminating technical details not critical to understanding the graphical conventions, integrating the text and diagrams following multimedia principles (Mayer, 2001) , and presenting all instructions before participants made damage ratings. We also tested the effects of quantitative versus more qualitative instructions. As in Experiment 1, participants who received enhanced instructions were less likely to endorse misconceptions relative to control group participants. Notably, quantitative information (that the cone shows the 67% confidence interval) was critical for reducing the boundary misconception in explicit statements, suggesting that participants can understand targeted numerical information about a confidence interval, and in the absence of this information, many assumed that the cone encompassed the region within which the hurricane would travel. In contrast, both qualitative and quantitative instructions decreased the size misconception. Despite the effect of these instructions on explicit statements, there was no significant difference between qualitative and quantitative instruction conditions on damage estimates. Note that the unexpected effect of enhanced instructions in Experiment 1 (lower damage ratings in general when particThis document is copyrighted by the American Psychological Association or one of its allied publishers.
ipants received enhanced instructions) was not replicated in Experiment 2. In addition to varying in quantitative versus qualitative information, an additional difference between the two enhanced conditions in this experiment was that in the quantitative condition, participants were tested on their knowledge of the instructions before the damage task, whereas those in the qualitative condition were not. It is possible therefore that some of the differences between these conditions were due to a testing effect (Roediger & Karpicke, 2006) . However, the additional questions addressed both the boundary and size misconceptions, so if this was a testing effect, we would expect a difference between the qualitative and quantitative conditions for both misconceptions. In fact, there was only a difference between these conditions for the boundary misconception. Moreover, despite this confound there were no differences in damage ratings between these two conditions. Experiment 2 also replicated findings concerning individual differences in boundary and size misconceptions evident in damage estimates. Across all instruction conditions, a minority of participants showed a boundary misconception (n ϭ 37) whereas even fewer (n ϭ 14) indicated a misconception of more damage at the 48-hr time point than the 24-hr time point. As in Experiment 1, participants showed evidence of these misconceptions more in their explicit beliefs than in their damage estimates. In Experiment 2, damage estimates were related to participants' explicit beliefs in the case of both the boundary and size misconceptions. This increase in consistency may be attributable to the increase in appropriate knowledge through our instructions and use of multimedia principles.
General Discussion
Hurricane forecast visualizations are often presented to the public without explanations of the conventions of the display, violating the principle of appropriate knowledge (Kosslyn, 2006) , and previous studies have provided evidence for specific misconceptions about the hurricane cone by the public (Broad et al., 2007) . The present study addressed whether enhanced verbal instructions explaining the conventions of the display, and how the displays are constructed, would aid in novice interpretation of hurricane forecast visualizations. To investigate this, we examined explicit misconceptions and those evident in damage estimates, at both an aggregate and individual level.
Additional verbal instructions affected explicit beliefs in both experiments. Specifically, in Experiment 1, participants given enhanced instructions on the conventions of the hurricane cone graphic were significantly less likely to endorse the boundary and hurricane size misconceptions. In Experiment 2, participants who were provided with qualitative or quantitative instructions were less likely to endorse the size misconception. However, only those provided with quantitative information were less likely to endorse boundary misconception statements. In general, these results indicate that we were able to improve understanding of the cone of uncertainty with enhanced instructions and that targeted numerical information about the hurricane cone should be included in uncertainty explanations. However, it should also be noted that in both experiments, some participants who received enhanced instructions continued to endorse the boundary and size misconceptions, an effect also seen in research on uncertainty of temperature forecasts (Grounds, Joslyn, & Otsuka, 2017; Savelli & Joslyn, 2013) . Overall, we provide further evidence that these misconceptions are held at an explicit level and that misconceptions can be reduced by verbal instructions, at least at an explicit level.
Although the enhanced verbal instructions about the meaning of the cone of uncertainty improved explicit beliefs, these instructions had unexpected effects on aggregate damage estimates. In Experiment 1, participants who received additional instructions actually reduced their damage estimates overall after receiving enhanced information, although this effect was not replicated in Experiment 2. It is possible that participants in Experiment 1 interpreted the description of uncertainty in the instructions as indicating less likelihood of the hurricane hitting. In a real world scenario, estimating less damage might mean that people take fewer cautions, such as evacuating their homes before a hurricane hits. This would have a negative outcome if evacuation was advisable for the person in question, but could have a positive outcome if evacuation was unnecessary for this individual (and contributed to traffic congestion for those who needed to evacuate).
In addition to examining damage estimates at an aggregate level, a novel approach in the present study was to examine evidence of misconceptions at the level of individual participants. This analysis revealed interesting qualitative differences between individuals. For example, a minority of participants showed a boundary effect in their damage estimates, whereas the majority showed a gradient in damage estimates suggesting that they were interpreting the boundary correctly as a confidence interval and not as the boundary of the hurricane. In addition, a minority of participants estimated more damage in general at the 48-hr time point, whereas most participants estimated more damage at the 24-hr time point than the 48-hr time point. These results highlight the importance of individual differences in interpretation of forecasts, which in turn might influence different evacuation decisions in an emergency.
These results indicate some association between explicit beliefs and actionable knowledge, although this association was stronger for the size misconception than the boundary misconception. However, it was also true that misconceptions were less evident in the damage ratings than in explicit statements, especially for the boundary misconception. It is possible that some participants believed that the cone showed the boundary of where the center of the hurricane could travel, but also understood that due to the wind patterns caused by the hurricane, the damage from the hurricane would be more diffuse. There was some evidence for this in the explicit statements. This result suggests that the consequences of prior evidence of the boundary misconceptions may not be as critical as previously suggested (Broad et al., 2007) when people determine risk of damage from a hurricane "in the wild."
Further, we targeted the assumption that novices interpret the cone of uncertainty as showing that the hurricane size increases over time. However, in both experiments, a minority of participants estimated more damage in general at the later time point than the earlier time point, and many participants estimated more damage at the earlier time point. It is possible that participants estimate less damage at the later time point because of general knowledge that hurricanes eventually dissipate rather than any interpretation of the display. Alternatively they may interpret the display as showing the spatial extent of the hurricane, assuming that as the extent of the hurricane increases its intensity also increases. It is also notable that in both experiments, and all conditions, a greater This document is copyrighted by the American Psychological Association or one of its allied publishers.
difference in damage estimates between time points occurs outside the cone. This may be because the inside of the cone is more salient in our instructions as participants were specifically told that there was a 67% chance of hitting in that region. The region inside the cone is also clearly bounded, whereas the region outside of the cone is less defined. Therefore, it is possible that participants assign damage estimates by focusing on relative distance inside the cone, but absolute distance outside of the cone. Examination of individual damage estimate strategies suggests that the larger difference in damage estimates between time points outside the cone may be in part due to those individuals using strategies that focus on the boundary (e.g., Boundary 1 or Boundary 3). Because the enhanced instructions informed participants how to interpret likelihood of the hurricane hitting relative to the width of the cone, we normalized "distance" in our analyses with respect to the cone. A previous study (Ruginski et al., 2016 ) used a different analysis procedure and regressed damage ratings on absolute distance, modeling differences in damage ratings at the center of the cone. Although the emphasis in that investigation was on comparing differences in damage ratings for different visualizations, it did indicate significantly more damage in the center of the cone for the visualization tested here at the 48-hr time point compared with the 24-hr time point. An examination of our data using the same analysis procedure indicates no such difference in control participants' damage ratings at the center of the cone in either experiment. Thus the differences in conclusions partly reflect different analysis techniques but also indicate a failure to replicate the earlier results of Ruginski et al. (although our control conditions were identical to the cone-centerline condition in their experiment). Importantly, in both experiments reported here, damage ratings at the center of the hurricane, when estimated according to the analysis technique used by Ruginski et al., did not differ significantly as a function of instruction condition.
Implications
These findings make two important contributions to research on comprehension of visualizations of uncertainty. First, they suggest that intuitive understanding of these visualizations is relatively good, in that most individuals correctly interpreted the boundary of the cone as a confidence interval rather than a physical boundary, and in the absence of any information about the size or strength of the hurricane, most participants estimated similar amounts of damage in general across time points, relative to the width of the cone at those time points. In control conditions, participants frequently expressed misconceptions in their responses to the posttask questionnaire, but our enhanced instructions reduced the frequency of these explicit misconceptions. As in previous research on the blue dot of positional uncertainty , the present findings indicate that we should not underestimate the ability of the public to interpret uncertainty expressed in graphics.
On the other hand, a minority of participants in each experiment showed previously documented misconceptions, especially with respect to the boundary effect. A second implication of this research is that additional information about the graphic conventions is not sufficient for alleviating misconceptions for these individuals. This research suggests that for the hurricane cone of uncertainty visualization, applying the principle of appropriate knowledge may not be sufficient to influence all aspects of interpretation and decision-making.
Limitations
A limitation of the present study is that people might have varied in their interpretation of what is meant by damage in the damage rating task. Damage estimates were used as the measure of interest because they seem closest to what an individual might try to estimate when making decisions such as whether to evacuate before a hurricane hits. In this sense, damage represents a useful metric by which to estimate a hurricane's effect on a location. However, the damage estimate task confounds the judgments of the probability of the hurricane hitting a location and the damage that would occur if that area were hit by the storm. This will be important to separate and/or distinguish in future research. It will also be important in future research to separate the effect of instructions on these different judgments to gain further insight into people's interpretation of this graphic and any effects of enhanced instructions.
Another limitation of the study is that our sample represented people without much direct experience of hurricanes. However, hurricanes have become a national issue in the United States recently, so that even individuals outside hurricane regions have experience with news stories that include hurricane predictions. Our main goal in the present research was to understand basic issues related to the comprehension of graphical depictions of uncertainty, rather than hurricane preparedness specifically. However, the issues raised by our research have important implications for hurricane preparedness. Therefore, another important direction for future research is to examine the judgments of people living in hurricane affected regions and those with direct experience of hurricanes.
Conclusion
In summary, this research examined interpretations of the hurricane cone of uncertainty and how these interpretations were affected by providing verbal explanations of the conventions of this graphic. Our research is consistent with previous investigations in showing evidence of specific misconceptions (the boundary and size misconceptions) in both explicit beliefs and in damage estimates. Enhanced instructions that explained the graphical conventions reduced explicit misconceptions about the cone of uncertainty, but had less effect on damage estimates. This research also emphasizes the importance of examining individual differences in understanding visualizations of uncertainty, in that individual participants showed qualitatively different patterns of damage estimates that were not evident at the aggregate level. Although enhanced instructions were not a panacea for addressing all difficulties in interpretation of uncertainty visualizations, there might be a more promising role for instructions that target individual differences in understanding.
Appendix A Instructions Provided in Experiment 1
The basic instructions, given to all participants at the beginning and the control group half way through the trials are as follows:
In the following experiment, you will view maps showing the forecast path of different hurricanes as they travel over the Gulf of Mexico, toward land. The maps will also show the location of one offshore oil platform in the Gulf. Oil platforms are large structures on the surface of the water with components that extend to the ocean floor for drilling and storing oil.
See the sample map below. The forecast path of where the hurricane will move in the next three days is shown in blue and the location of the oil platform is shown by a small red circle. Your task is to estimate the level of damage that the platform will incur based on the depicted forecast of the hurricane path on a scale of 1 to 7 where 1 is no damage and 7 is severe damage.
You will make your judgments of potential damage to the oil platform using the damage scale provided below the map, which will be presented to you along with the forecast maps on each trial. To respond you should press the specific key (1 through 7) associated with the level of damage that you believe will occur to the oil platform as a result of the forecasted hurricane. The hurricane forecasts and the locations of the oil platforms will vary across trials.
The additional instructions, given to the experimental group, half way through the trials were as follows:
In the next part of this study you will view maps showing the forecast for how different hurricanes will move as they travel over the Gulf of Mexico, toward land.
A Northern Hemisphere hurricane is a circulating storm rotating counterclockwise, with sustained surface winds of at least 74 mph. The center of a hurricane is the position in the storm where the atmospheric pressure is lowest. The hurricane's location is defined by the position of its center.
The forecast provides information about the location of the center of hurricane at the time of the forecast and predicts how it will move over the next 3 days. The predicted movement of the hurricane center over time is called the hurricane path or track. We will call it the hurricane track.
See the sample forecast map below. This map shows the current location of the center of the hurricane at the time of the forecast. The dark blue line indicates the predicted hurricane track over the coming days as it moves toward land.
As the predictions go farther into the future, it is more difficult to predict what a hurricane's location will be. This is because there is uncertainty about how the hurricane track will be affected by other weather systems. This uncertainty is represented by the blue region on the map, which is called the uncertainty cone. The increase in the uncertainty of the forecast over time is represented by how the blue region increases in its width in the map below as the hurricane moves from its current location toward land.
The uncertainty cone should not be interpreted as indicating where the hurricane's center (and path) will definitely be located (i.e., with 100% certainty). Instead, the uncertainty cone indicates the area within which the center (and track) of the hurricane has a roughly 67% chance of being located. There is a 33% chance that the center or track could be outside the uncertainty cone-either to the right or left.
Note also that the width of the cone in the map tells you nothing about the size or intensity of the storm, just where the center of the hurricane is likely to move in the next three days. A hurricane's intensity can increase, remain the same, or decrease as it moves toward land.
(Appendices continue)
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Qualitative Instructions
See the online article for the color version of this figure. See the sample map to the right. The location of the oil platform is shown by a small red circle. The map also shows the current location of a hurricane at the time of forecast. The forecast path of where the hurricane is predicted to move in the next three days is shown in blue. The light blue shaded region around this path indicates the uncertainty of the prediction. The wider this blue region, the less certain we are of the predicted path. Note that the width of this region does not indicate any information about the size or the intensity of the hurricane, but rather uncertainty in the prediction of where the hurricane center could move over the next three days.
Page 2.
Your task is to estimate the level of damage that the platform will incur, based on the likelihood of the storm affecting the platform and the damage the platform will suffer if it is affected by the storm. You will estimate the level of damage on a scale of 1-7 where 1 is no damage and 7 is severe damage.
See the online article for the color version of this figure.
You will make your judgments of potential damage to the oil platform using the damage scale provided below the map, which will be presented to you along with the forecast maps on each trial. To respond you should press the specific key (1 through 7) on the top line of the keyboard associated with the level of damage that you believe will occur to the oil platform as a result of the forecasted hurricane. The hurricane forecasts and the locations of the oil platforms will vary across trials. You will get a break half way through the trials.
First you will do three practice trials. Please press spacebar to continue.
(Appendices continue)
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Quantitative Instructions
See the online article for the color version of this figure. See the sample map to the right. The location of the oil platform is shown by a small red circle. The map also shows the current location of a hurricane at the time of forecast. The forecast path of where the hurricane is predicted to move in the next three days is shown in blue.
Page 2.
Here is some additional information about hurricanes and how hurricane forecasts are depicted on these maps.
• The hurricane's location is defined by the position of its center. In the image on the right, the location of the hurricane center at the time of forecast is marked.
• The forecast provides information about the projected path of the hurricane over the next 3 days. In the image, notice the three time points along the projected hurricane path.
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